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Abstract
To determine the spatial modulation transfer function (MTF) of the human foveal visual system for equiluminous chromatic
gratings we measured contrast sensitivity as a function of retinal illuminance for spatial frequencies of 0.125–4 c/deg with
equiluminous red–green and blue–yellow gratings. Contrast sensitivity for chromatic gratings first increased with luminance,
obeying the Rose–DeVries law, but then the increase saturated and contrast sensitivity became independent of light level, obeying
Weber’s law. Critical retinal illuminance (Ic) marking the transition point between the laws was found to be independent of spatial
frequency at 165 phot. td. According to our detection model of human spatial vision the MTF of the retina and subsequent neural
visual pathways (Pc) is directly proportional to Ic. Hence, Pc is independent of spatial frequency, reflecting the lack of
precortical lateral inhibition for equiluminous chromatic stimuli in spatiochromatically opponent retinal ganglion cells and dLGN
neurons. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Sensitivity as a function of spatial frequency is low-
pass in shape for chromatic gratings: detection
threshold is constant at low spatial frequencies but
decreases at medium and high spatial frequencies (Van
der Horst & Bouman, 1969; Hiltz & Cavonius, 1970;
Mullen, 1985). For luminance-modulated (achromatic
or monochromatic) gratings spatial contrast sensitivity
function has a band-pass shape: contrast sensitivity is
highest at medium spatial frequencies and decreases
towards higher and lower frequencies (Campbell &
Robson, 1968; Cohen, 1978). Comparison between spa-
tial contrast sensitivity functions for luminance and
chromatic gratings reveals that sensitivity is better for
luminance gratings at high spatial frequencies but for
chromatic gratings at low spatial frequencies (Mullen,
1985).
The decrease in contrast sensitivity at low spatial
frequencies for luminance gratings is believed to be due
to precortical lateral inhibition (Enroth-Cugell & Rob-
son, 1966; Donner & Hemila¨, 1996) which attenuates
spatially slow luminance changes, and thus contrast at
low spatial frequencies. The absence of the low fre-
quency decrease for equiluminous chromatic gratings
has been suggested to result from the lack of lateral
inhibition in the visual system for chromatic stimuli
(Cavanagh, 1991).
In bright light, contrast sensitivity for luminance-
modulated gratings is independent of luminance level
(Van Nes & Bouman, 1967; Mustonen, Rovamo, &
Na¨sa¨nen, 1993), obeying Weber’s law. At lower levels
of retinal illuminance, however, contrast sensitivity be-
comes directly proportional to the square root of the
average luminance, obeying the Rose–DeVries law
(Rose, 1948; DeVries, 1943). The transition point be-
tween the laws is marked by critical retinal illuminance
(Ic). It is generally assumed that the Rose–DeVries law
is obeyed when contrast sensitivity is affected by quan-
tal noise while Weber’s law refers to a situation where
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the adjustments of gain in the photoreceptors as well as
elsewhere in the retina, and possibly even in the subse-
quent neural networks, all act together to produce a
constant contrast response (e.g. Shapley & Enroth-
Cugell, 1973; King-Smith & Kranda, 1981; Chaparro,
Stromeyer, Chen, & Kronauer, 1995) that is discrimi-
nated against a constant intrinsic neural noise, which
means that under Weber’s law contrast sensitivity is
determined by neural noise in the human brain. With
this accepted contrast sensitivity for equiluminous chro-
matic gratings should also obey Weber’s and the Rose–
DeVries laws at high and low light levels, respectively.
According to our detection model of human spatial
vision (Rovamo, Mustonen, & Na¨sa¨nen, 1994) the
modulation transfer function (MTF) of the retina and
subsequent neural visual pathways is for gratings di-
rectly proportional to the square root of critical retinal
illuminance, i.e. P( f )=kIc( f ), where f is spatial
frequency. For the derivation of this relationship, see
Appendix A.
For luminance-modulated gratings critical retinal il-
luminance Ic has been shown experimentally to be
directly proportional to spatial frequency squared in
the range of 0.125–30 c/deg (Van Nes, Koenderink,
Nas, & Bouman, 1967; Rovamo, Mustonen, &
Na¨sa¨nen, 1995). Hence, the neural MTF for luminance
gratings is directly proportional to spatial frequency,
i.e. PL(f)=af, where a=1 deg (Rovamo, Luntinen, &
Na¨sa¨nen, 1993; Rovamo, Kankaanpa¨a¨, & Kukkonen,
1999a). For luminance-modulated (homochromatic or
achromatic) gratings neural MTF thus attenuates low
spatial frequencies relatively more than high. This
reflects the fact that precortical lateral inhibition pro-
ducing attenuation of spatially slow luminance gradi-
ents and consequently low spatial frequencies is strong
for luminance-modulated stimuli.
The receptive fields of colour selective retinal gan-
glion cells and dLGN neurons (Kaplan, Barry, & Shap-
ley, 1990) show strong spatial opponency for pure
luminance modulation but none for pure colour modu-
lation (De Valois & De Valois, 1975, 1990). Within the
context of our detection model of human spatial vision
(Rovamo et al., 1993) the lack of lateral inhibition for
chromatic equiluminous gratings means that the MTF
of the retina and subsequent neural visual pathways for
chromatic gratings, i.e. Pc( f ), should be constant
across spatial frequencies, showing no more attenuation
at low than high spatial frequencies. This independence
of neural MTF of spatial frequency for chromatic
equiluminous gratings means that critical retinal illumi-
nance, marking the transition point between the Rose–
DeVries and Weber’s laws, should be independent of
spatial frequency for chromatic gratings.
In this study we measured contrast sensitivity as a
function of retinal illuminance for equiluminous red–
green and blue–yellow gratings in order to find out: (1)
whether contrast sensitivity for purely chromatic grat-
ings obeys the Rose–DeVries law in dim light and
Weber’s law in bright light; and (2) whether Ic marking
the transition between the laws is independent of spatial
frequency.
2. Methods
2.1. Apparatus
Gratings with luminance or colour modulation were
generated under computer control (Dell 486DX2 66
MHz) on a high resolution 16 in. RGB monitor (Eizo
9080i) driven at the frame rate of 60 Hz by a 24-bit true
colour graphics board (MicroStep AGC-2400 with 4
Mb DRAM) using a Texas Instruments graphics con-
troller (TIGA TMS34020, 40 MHz) providing a palette
of 16.7×106 colours. The pixel size was 0.043×0.043
cm on the screen.
The stimulus monitor was calibrated by measuring
the luminance response for each colour gun with a
Minolta LM-110 luminance meter. The non-linear lu-
minance responses of the display for red, green and
blue were linearised by using the inverse functions of
their luminance responses when computing the stimulus
images.
The CIE 1931 (x, y) colour coordinates of the un-
modulated gratings, i.e. of the white screen, measured
with a Bentham PMC 3B spectroradiometer, were
(0.297, 0.310) when the average screen luminance mea-
sured with the luminance meter was 48 cd/m2, corre-
sponding to a scotopic luminance of 130 cd/m2
measured with the spectroradiometer. According to the
spectroradiometer the average relative luminances
adding to 100 were 23.6, 64.5 and 11.9 for red, green
and blue colour guns. The colour coordinates of the
red, green and blue guns were found to be (0.612,
0.349), (0.291, 0.607), and (0.153, 0.070), respectively.
To minimise the effects of the step errors of the
digital-analog-converters (DACs) of the graphics board
on lower contrasts, the average luminance of the screen
was chosen to be in the middle between the two lumi-
nance levels corresponding to two successive index val-
ues for each colour gun. To increase the number of
luminance levels above 256 (eight bits) per colour we
used a random dither, whose spatial extent was one
image pixel on the screen and luminance step was one
index value for each colour gun. The random dither is
generated by equation In(x, y)=Int[Ir(x, y)+−0.5],
where In is the integer index value (0–256), Int[.] de-
notes rounding to the nearest integer, Ir the real index
value, and  a random number drawn from a uniform
distribution between 0 and 1. The spatial noise pro-
duced by the dither was invisible, because its Michelson
contrast was 7×10−3 for each colour and its lowest
spatial frequency component was 12 c/cm.
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The goodness of the luminance linearisation of the
display was checked indirectly by measuring the
Michelson contrasts of the black-and-white luminance-
modulated test gratings. Contrasts were found to be
accurate at and above 0.001.
2.2. Stimuli
The stimuli were created and experiments were run
using software developed by one of the authors (JH).
The stimuli consisted of simple vertical cosine gratings
within a sharp-edged aperture of 4×4 or 8×8 cm.
Spatial frequencies ranged from 0.125 to 4 c/cm on the
screen. The equiluminous surround was limited to a
20×20 cm aperture by black cardboard. Black-and-
white, i.e. achromatic luminance-modulated gratings
were produced when contrast and phase were the same
for red, green and blue gratings. Viewing distance was
28.6, 57.3, or 115 cm.
Objectively equiluminous red–green gratings were
produced when the contrast of the blue grating was
chosen to be equal to zero while the phase difference
between the red and green gratings was 180° and their
contrasts (cr and cg) were chosen so that the modulation
amplitudes were equal. Objectively equiluminous blue–
yellow gratings were produced when the phases of the
above red and green gratings were the same but differ-
ent by 180° from the phase of the blue grating and their
contrasts were chosen so that the modulation ampli-
tudes of yellow and blue gratings were equal. Objective
equiluminance indicates that photometric luminance
across the grating bars was constant in cd/m2. To
minimise the effects of various chromatic aberrations
(Bradley, Zhang, & Thibos, 1992) on contrast sensitiv-
ity, we used only low and medium spatial frequencies
(4 c/deg) and small numbers of cycles at low spatial
frequencies.
The retinal illuminances produced by the average
luminances of the red, green and blue phosphors of our
display can be readily expressed in cone specific Vos-
Walraven illuminances (Lucassen & Walraven, 1993).
The average illuminances in short (s), medium (m) and
long (l) wavelength cones correspond to the following
luminances on the screen: Ls=0.490, Lm=16.7, and
Ll=30.8 cd/m2. For red–green gratings, cone contrasts
were related as cs=0.104cm and cl=−0.541cm while
for blue–yellow gratings the relations were cm=
0.0612cs and cl=−0.0490cs.
The L/M contrast at the opponent stage was calcu-
lated as cL/M= (c l2+cm2 )0.5 (Chaparro, Stromeyer,
Huang, Kronauer, & Eskew, 1993). In analogy, the
S/(L+M) contrast at the opponent stage was calcu-
lated as cS/(L+M)= (c s2+cL+M2 )0.5, where cL+M is the
contrast of the L+M channel, which was 0.01cs, i.e.
one hundredth of the s-cone contrast produced by the
blue–yellow grating. Hence, cS/(L+M)=1.01cs, i.e. in
practice equal to cs for the blue–yellow grating. Al-
though our chromatic gratings do not strictly isolate
L/M and S/(L+M) channels, the red–green equilumi-
nous grating is detected by means of the L/M opponent
mechanism because for the red–green grating cL/M=
11cS/(L+M) and the blue–yellow equiluminous grating is
detected by means of the S/(L+M) opponent mecha-
nism because for the blue–yellow grating cS/(L+M)=
13cL/M. In practice, the safety factor in the former case
is greater than 11 but in the latter case less than 13,
because the sensitivity of the human visual system is
lower for s-cone stimuli.
Gratings with white spatial noise and pure noise
stimuli were produced by adding a random number to
each square-shaped noise check comprising 3×3 or
4×4 image pixels (Kukkonen, Rovamo, & Na¨sa¨nen,
1995). Noise was black-and-white, i.e. achromatic lumi-
nance noise, and therefore, the same number was added
to all three colours within a noise check. The rms
contrast of noise was 0.16, 0.20 or 0.23.
2.3. Procedures
In the experiments of Fig. 1(A, C, E), viewing was
binocular with natural pupils. When display luminance
was 48 cd/m2, pupil size was found to be 4 mm thus
producing the average retinal illuminance of 600 phot.
td from our display.
After the angle of the anterior chamber was confi-
rmed as normal, the pupil of the dominant eye was
dilated to 8 mm for the experiments of Fig. 1(B, D, F)
and Fig. 2 by means of two drops of 10%
phenylephrine (Metaoxedrine) hydrochloride, which
leaves accommodation unaffected. For further details
see Rovamo et al. (1994). The grating stimuli were
viewed monocularly and the other eye was thus covered
by a black eye pad.
The average retinal illuminance produced by our
display through a pupil of 8 mm diameter was 2400
phot. td. Lower levels of retinal illuminance were ob-
tained by placing a desired number of neutral density
filters of 0.6 log units onto the screen. The subject
adapted to each new screen luminance for 5 min per
each 0.6 log units of luminance change. For further
details, see Rovamo et al. (1994).
Contrast sensitivity is the inverse of the Michelson
contrast at detection threshold. For chromatic gratings
contrast sensitivity was based on the Michelson lumi-
nance contrast of either chromatic component (red or
green/blue or yellow) against the white background
luminance. The contrast of stimuli was changed in steps
of 0.1 10log units and contrast thresholds were deter-
mined at the probability level of 0.79 correct by means
of a two-alternative forced-choice algorithm with three-
correct-then down/one-wrong-then-up rule (Wetherill &
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Levitt, 1965). Each trial consisted of two 500 ms expo-
sures, separated by 600 ms. For further details, see
Mustonen et al. (1993).
When gratings with achromatic luminance noise were
used, there were five different grating+noise stimuli
for each contrast level. One of them was chosen ran-
domly for each exposure. The comparison stimulus was
chosen randomly from a set of five different noise
stimuli with the same rms contrast of noise.
The threshold contrast was estimated as the arith-
metic mean of the last 6–7 reversal contrasts. All the
data points shown are medians of at least three
threshold estimates. The experiments were performed in
a dark room, the only light source being the display.
Fig. 1. Foveal contrast sensitivity function for black-and-white, i.e. luminance-modulated achromatic gratings (A–B) as well as for red–green
(C–D) and blue–yellow (E–F) objectively equiluminous gratings measured with and without black-and-white luminance noise and plotted as a
function of spatial frequency (0.25–4 c/deg). Subject was MK. Retinal illuminance was 600 phot. td in A, C and E and 10 phot. td in B, D and
F. Viewing distance was 57.3 cm, except for 28.6 cm at 0.25 c/deg and 114 cm at 4 c/deg in (A–B). Grating size was 4×4 cm, except for 8×8
cm at 0.25 and 0.5 c/deg in (B). Noise check size 4×4 pixels except for 3×3 pixels at 2–4 c/deg in (A). Noise rms contrast was 0.23 in B, D
and F but 0.2 at 0.25–0.5 c/deg and 0.16 at 1–4 c/deg in A, C and E.
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Fig. 2. Monocular contrast sensitivity as a function of retinal illuminance for red–green (A) and blue–yellow (B) equiluminous gratings at spatial
frequencies of 0.125–4 c/deg. Grating size was 8×8 deg2 and viewing distance 57 cm. Smooth curves have been calculated by Eq. (1) fitted to
the data and the percentages close to curves indicate the goodness of the fit (Rovamo et al., 1999b). For the clarify of presentation the data points
and smooth curves have been shifted vertically. The sensitivities measured at the highest retinal illuminance were 468, 715, 671, 611, 367, and 202
for red–green gratings and 48.3, 64.7, 82.9, 51.2, 30.3, and 11.5 for blue–yellow gratings at 0.125, 0.25, 0.5, 1, 2 and 4 c/deg, respectively. Subject
was MK in (A) and HR in (B). The short solid line in (A) shows the slope of 0.5.
The observer’s head was stabilised using a chin rest.
Gaze was directed to the centre of the display but no
fixation marks were used.
2.4. Subjects
Two experienced subjects, aged 22 and 27 years,
served as observers. MK was an uncorrected myope
(od.- 0.25 DS/os. 0 DS), and HR was a corrected
hyperope (+1.50 DS ao.). Their binocular Snellen
acuity was 8/5 and colour vision normal in the standard
100-hue test. The tenets of Helsinki declaration were
followed during the study.
3. Results
It is possible that detection threshold is affected by
the subjective luminance modulation in objectively, i.e.
photometrically, equiluminous chromatic gratings ow-
ing to the difference between subjective and objective
equiluminances (e.g. Mullen, 1985). If this were the case
then contrast sensitivity for objectively equiluminous
chromatic gratings should decrease when the luminance
component is masked by strong black-and-white, i.e.
achromatic, luminance noise, which does not mask pure
chromatic signals (Gegenfurtner & Kiper, 1992).
The effect of spatial achromatic noise on contrast
sensitivity at 10 and 600 phot. td. was investigated in
the experiments of Fig. 1 by measuring foveal contrast
sensitivity with and without noise as a function of
spatial frequency of 0.25–4 c/deg for black-and-white,
i.e. luminance-modulated achromatic gratings as well as
for objectively equiluminous red–green and blue–yel-
low gratings.
As Fig. 1(A–B) shows, contrast sensitivity for achro-
matic gratings was without spatial noise reduced at all
spatial frequencies when retinal illuminance decreased
from 600 to 10 phot.td. The effect of decreasing retinal
illuminance on contrast sensitivity almost disappeared
in spatial noise. However, noise clearly reduced con-
trast sensitivity at both illuminances, demonstrating the
fact that luminance noise used had a strong effect on
detection.
Also in Fig. 1(C–F) contrast sensitivity for both
chromatic grating types was reduced at all spatial fre-
quencies when retinal illuminance decreased from 600
to 10 phot.td. However, the effect of decreasing retinal
illuminance on contrast sensitivity did not disappear in
spatial noise. At 0.25–2 c/deg the achromatic noise had
hardly any effect on contrast sensitivity but at 4 c/deg
contrast sensitivity was halved by noise. This means
that at spatial frequencies 2 c/deg the objectively
equiluminous gratings do not have a significant lumi-
nance component and can be regarded as pure chro-
matic gratings in a detection task. However, at 4 c/deg
the luminance component of the objectively equilumi-
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nous grating contributes significantly to grating de-
tectablity. The lack of the effect of achromatic noise on
chromatic contrast sensitivity is in agreement with Mul-
len (1985), who reported that contrast sensitivity at low
and medium spatial frequencies is practically identical
for subjectively and photometrically equiluminous red–
green and blue–yellow gratings. The lack of the effect
of achromatic noise at low light levels (Fig. 1(D, F))
also implies that the photopically equiluminous stimuli
were not detected by rods using the scotopic luminance
contrast of the stimuli, because if they were, contrast
sensitivity for chromatic gratings would be reduced by
luminance noise.
In the experiments of Fig. 2 we measured monocular
foveal contrast sensitivity as a function of retinal illumi-
nance for equiluminous red–green and blue–yellow
gratings at spatial frequencies of 0.125–4 c/deg. Retinal
illuminance varied across three 10log-units from 2.4 up
to 2400 phot. td.
As Fig. 2 shows, contrast sensitivities for both chro-
matic grating types first increased with retinal illumi-
nance at all spatial frequencies but then the increase
saturated. In agreement with the Rose–DeVries law the
slope of increase was 0.5 at lower levels of retinal
illuminance, but at higher light levels contrast sensitiv-
ity became independent of luminance level, in agree-
ment with Weber’s law. The transition between the
Rose–DeVries and Weber’s laws was not abrupt but
gradual, and the slope of increase changed slowly from
0.5 to 0, obtaining intermediate values between low and
high light levels. This is in agreement with the results of
Kelly (1972); Koenderink, Bouman, Bueno de
Mesquita, and Slappendel (1978) and Savage and
Banks (1992) obtained with achromatic black-and-
white gratings.
An equation (Mustonen et al., 1993) that combines
the two laws is
S=Smax(1+Ic/I)−0.5, (1)
where S is contrast sensitivity determined experimen-
tally, Ic is critical retinal illuminance marking the tran-
sition between the laws, I is photopic retinal
illuminance and Smax is the maximum contrast sensitiv-
ity obtainable in bright light for the stimulus used.
Smooth curves in Fig. 2 were calculated by Eq. (1)
fitted to the data of each grating type and spatial
frequency separately. For further details, see Rovamo
et al. (1994). The goodness of the fit of the curves to the
data was 88–97%. The percentage was based on rms-er-
ror and calculated according to Rovamo, Raninen, and
Donner (1999b).
In Fig. 3, the estimates of critical retinal illuminance
(Ic) are plotted as a function of spatial frequency. For
chromatic gratings they were obtained when Eq. (1)
was fitted to the contrast sensitivity data of Fig. 2. For
luminance-modulated black-and-white gratings, the es-
timates of Ic were obtained from Rovamo et al. (1994,
1995).
As Fig. 3 shows, the estimates of Ic for chromatic
equiluminous gratings were practically independent of
spatial frequency whereas the estimates of Ic for black-
and-white gratings increased with a slope of +2 in
double logarithmic coordinates. The estimates of chro-
matic Ic across spatial frequencies of 0.125–4 c/deg can
be described (goodness of fit 75%) by their average, i.e.
by equation Ic=165 (SEM31) phot. td. The increase
of the achromatic Ic values with spatial frequency ( f )
can be described (goodness of fit 87%) by equation
Ic=11.7 f 2.
In fact, achromatic Ic is proportional to spatial fre-
quency at 0.125–32 c/deg (Rovamo et al., 1995). This
implies that Ic is greater for chromatic gratings below 4
c/deg but for achromatic gratings above 4 c/deg. On the
other hand, the direct proportionality between achro-
matic Ic and f 2 reflects the fact that the spatial MTF of
the retina and subsequent neural visual pathways (P) is
proportional to spatial frequency for luminance-modu-
lated achromatic gratings whereas the independence of
chromatic Ic of spatial frequency means that P is con-
stant for chromatic equiluminous gratings at all spatial
frequencies.
Fig. 3. Estimates of critical retinal illuminance (Ic) plotted as a
function of spatial frequency for red–green and blue–yellow equilu-
minous gratings. The values of Ic for black-and-white gratings are
replotted from Rovamo et al. (1994, 1995). Solid increasing line was
calculated by equation Ic=11.7f
2, which is the least squares fit to
achromatic data. Solid horizontal line Ic=165 indicates the average
of all chromatic Ic values. Percentages close to lines indicate the
goodness of fit.
J.M. Roamo et al. / Vision Research 41 (2001) 1659–1667 1665
4. Discussion
Contrast sensitivity for chromatic gratings first in-
creased with luminance, obeying the Rose–DeVries
law, but then the increase saturated and contrast sensi-
tivity became independent of light level, obeying We-
ber’s law. Critical retinal illuminance (Ic) marking the
transition point between the Rose–DeVries and We-
ber’s laws was found to be independent of spatial
frequency at all spatial frequencies (0.125–4 c/deg)
studied.
According to the detection model of human spatial
vision (Rovamo et al., 1994) the spatial modulation
transfer function (MTF) of the neural visual pathways
(P) is proportional to Ic (Rovamo et al., 1994, 1995).
As Ic was found to be independent of spatial frequency
for chromatic equiluminous gratings, also P for chro-
matic gratings is independent of spatial frequency. This
reflects the lack of precortical lateral inhibition (En-
roth-Cugell & Robson, 1966; Donner & Hemila¨, 1996)
for purely chromatic stimuli (De Valois & De Valois,
1975, 1990).
According to Mullen (1985) contrast sensitivity at
spatial frequencies 2 c/deg is practically identical for
subjectively and objectively, i.e. photometrically equilu-
minous red–green and blue–yellow gratings. One pos-
sible reason for the slow change of contrast sensitivity
for red–green and blue–yellow gratings around the
point of subjective equiluminance (Mullen, 1985) could
be that any luminance component is strongly attenu-
ated by lateral inhibition at spatial frequencies 2
c/deg. In agreement, we found that at 0.25–2 c/deg the
achromatic noise had hardly any effect on contrast
sensitivity for photometrically equiluminous gratings.
This means that at spatial frequencies 2 c/deg the
objectively equiluminous gratings do not have a signifi-
cant luminance component and can be regarded as pure
chromatic gratings in a detection task.
In the experiments we only studied spatial frequen-
cies up to 4 c/deg to minimise the effects of various
chromatic aberrations (Bradley et al., 1992) on contrast
sensitivity. However, we suggest that the independence
of chromatic Ic of spatial frequency continues up to the
resolution limit because of the following: When Mullen
(1985) carefully corrected for both the longitudinal and
lateral chromatic aberrations (Bradley et al., 1992), the
highest spatial frequency at which contrast sensitivity
for subjectively equiluminous gratings could be mea-
sured was only 8 c/deg and she extrapolated the resolu-
tion of subjectively equiluminous gratings to be just
above 10 c/deg. Using the experimental data of Mullen
(1985) covering spatial frequencies of 0.06 to 8 c/deg,
we have shown (Rovamo et al., 1999a) that her data
strongly supports the independence of chromatic Ic and
Pc of spatial frequency even above 4 c/deg. This is
further supported by the analogous continuity for
achromatic gratings, whose Ic and PL( f ) are propor-
tional to spatial frequency both below and above 4
c/deg (Rovamo et al., 1995). Moreover, contrast
matches of equiluminous chromatic gratings across spa-
tial frequencies of 0.5–8 c/deg can be successfully mod-
elled under the assumption that Pc is a constant
independent of spatial frequency (Tiippana et al., 2000).
The values of achromatic Ic (Rovamo et al., 1994,
1995), described by equation Ic=11.7f 2 in Fig. 2, ex-
ceed the level of chromatic Ic=165 phot. td just below
4 c/deg. This implies that in comparison with chromatic
gratings, achromatic gratings are relatively amplified by
means of lateral inhibition above 4 c/deg. This also
explains Mullen’s (1985) finding that at higher spatial
frequencies contrast sensitivity for red–green and blue–
yellow gratings changes rapidly around the point of
subjectively equiluminance, as their luminance compo-
nent is amplified by lateral inhibition at spatial frequen-
cies 4 c/deg. In agreement, we found that at 4 c/deg
contrast sensitivity was halved by noise, which means
that the luminance component of the objectively equilu-
minous grating contributed significantly to grating
detectablity.
Any image processing based on contrast information
benefits from strong lateral inhibition that removes the
average luminance located at zero spatial frequency in
achromatic stimuli. Based on this, the lack of lateral
inhibition for chromatic stimuli suggests that the aver-
age luminance is removed when subtracting the oppo-
nent cone signals [e.g. (cl–cm)] so that chromatic
opponent channels of the human visual system (Cole,
Hine, & McIihagga, 1993) carry only contrast informa-
tion. Thus, the colour coding of the human visual
system resembles (Buchsbaum, 1987) to the linear
NTSC (National Television Standards Commission,
USA) colour coding.
Moreover, the relative amplification of achromatic
vs. chromatic stimulus contrast at high spatial frequen-
cies by means of lateral inhibition before addition of
internal neural noise, as in our detection model of
human spatial vision (Rovamo et al., 1993), makes
spatial resolution better for achromatic than chromatic
stimuli, in agreement with experimental results (Mullen,
1985).
To conclude, our contrast sensitivity experiments
showed that chromatic Ic marking the transition point
between the Rose–DeVries and Weber’s laws is inde-
pendent of spatial frequency. In the context of our
detection model of human spatial vision this means that
the spatial MTF of neural visual pathways (P) is a
constant independent of spatial frequency for chro-
matic stimuli, reflecting the lack of precortical lateral
inhibition for chromatic stimuli in spatiochromatically
opponent (De Valois & De Valois, 1975, 1990) recep-
tive fields of colour selective retinal ganglion cells and
dLGN neurons (Kaplan et al., 1990).
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Appendix A. Modelling the dependence of P on Ic
Weber’s law refers to a situation where contrast
sensitivity is determined by neural noise (N i) inside the
brain while the Rose–DeVries law (Rose, 1948; De-
Vries, 1943) is obeyed when contrast sensitivity is af-
fected by quantal noise (Nq). N i is assumed to be
independent of light level. Critical retinal illuminance
(Ic) indicates the transition point between the laws.
Hence, quantal and neural noises are equal at Ic.
To determine Ic, we first have to transfer quantal
noise through the MTFs of ocular optics and neural
visual pathways into the brain. However, quantal noise
is unaffected by ocular optics as individual light quanta
cannot be blurred by the optical point spread function.
In other words, although optical blur is known to
redistribute light so that high spatial frequencies ( f ) in
the image are attenuated more than low frequencies,
blur does not introduce correlations among neighbour-
ing points, and therefore, it does not attenuate high
spatial frequencies in the quantal noise (Graham &
Hood, 1992). On the other hand, quantal noise is
affected by the MTF of the retina and subsequent
neural visual pathways (P) on its way into the brain,
because quantal noise is transformed into neural noise
at the event of quantal absorption. The spectral density
of quantal noise inside the brain is therefore calculated
as
Nq=P2( f )Nq, (A1)
where P is squared because Nq expressed in contrast
terms is proportional to the square of its rms-contrast.
The proportionality is easily explained (Rovamo et al.,
1994): The spectral density of quantal noise is equal to
the inverse of retinal illuminance (Pelli, 1990). The
effective quantal noise is then
Nq= (KI)−1, (A2)
where K1 (Rovamo et al., 1994) reflects the fact that
some light quanta are lost in the eye’s optics before a
proportion of them is absorbed in the photoreceptors.
Let us now assume that retinal illuminance (I) corre-
sponds to n quanta on the average. Light quanta is
known to obey a Poisson distribution. Hence, one
standard deviation from the average number of quanta
is equal to n, Rms-contrast of noise (c) is by defini-
tion equal to the standard deviation divided by the
mean, i.e. c=n/n=1/n=1/I. Hence, Nq=
K−1c2.
At I=Ic:
N i=Nq . (A3)
By combining Eqs. (A1), (A2) and (A3), we get
N i=P
2( f ) (KIc)−1. (A4)
By solving Eq. (A4) for P2, we get
P2( f )= (KN i)Ic, (A5)
which means that P is proportional to the square root
of Ic.
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